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during the early neonatal period, resulting in rapid rates of muscle growth (11, 14, 21) . Both muscle growth and the rate of synthesis of muscle proteins decline as the neonate develops. These developmental changes can be largely attributed to a reduced response of muscle to the stimulatory action of feeding on protein synthesis (7, 12, 15) . Our studies in neonatal pigs and rats have shown that muscle protein synthesis is repressed after 10-18 h of fasting and maximally stimulated 1-3 h after feeding (7, 10, 12) . These responses decrease with development. For example, in response to feeding, fractional rates of skeletal muscle protein synthesis in 7-day-old pigs increase from 15 to 24%/day and in 26-day-old pigs increase from 4 to 6%/day (7) . This suggests that the ability of muscle to respond to feeding is impaired at an early point in development.
To identify the mechanism responsible for the developmental decline in the postprandial stimulation of muscle protein synthesis, our recent studies examined the activation by feeding of factors that regulate translation initiation (13) . It was found that the stimulation is, in part, a result of enhanced phosphorylation of both the ribosomal protein S6 kinase (S6K1) and the eukaryotic initiation factor (eIF)4E-binding protein (4E-BP)1. These responses to feeding were reduced in muscle of 26-compared with 7-day-old pigs. Phosphorylation of S6K1 on multiple serine and threonine residues results in its activation, leading to phosphorylation of S6 and ultimately to a preferential increase in the translation of mRNAs containing a terminal oligopyrimidine (TOP) sequence adjacent to the m 7 GTP cap structure at the 5Ј end of the message (19, 30) . Phosphorylation of 4E-BP1 leads to dissociation of the inactive 4E-BP1 ⅐ eIF4E complex and increased assembly of the active eIF4F complex. In the initiation of mRNA translation, the eIF4F complex mediates binding of mRNA to the 40S ribosomal subunit (see review in Ref. 20) . The heterotrimeric eIF4F complex is comprised of eIF4E, the protein that binds to the m 7 GTP cap struc-ture at the 5Ј end of the mRNA; eIF4A, an RNA helicase; and eIF4G, a scaffolding protein that assembles into an active complex the proteins required for mRNA binding to 40S ribosome subunits. Assembly of the eIF4F complex is regulated, in part, by the binding of eIF4E to 4E-BP1. When eIF4E is bound to 4E-BP1, its interaction with eIF4G is precluded, and the eIF4F complex cannot be assembled. The association of 4E-BP1 with eIF4E is regulated by phosphorylation of 4E-BP1, where hypophosphorylated forms of the protein bind to eIF4E and hyperphosphorylated forms do not.
A possible basis for the decline in the responsiveness of muscle protein synthesis to feeding observed in 26-day-old neonatal pigs could be a reduction during development of the amounts of key translation initiation factors. However, this explanation is unlikely, because no difference in initiation factor content is found when muscles from 26-and 7-day-old animals are compared (13) . An alternative explanation for the decreased responsiveness in 26-day-old animals would be a developmental decline in the circulating levels of factors that stimulate protein synthesis. Amino acids, insulin, and insulin-like growth factor I (IGF-I) are anabolic agents that have been shown to both stimulate protein synthesis and increase in response to food ingestion (8, 9, 37) . However, our previous studies have shown that the developmental decline in protein synthesis is largely unrelated to changes in the circulating concentrations of these anabolic agents (7) . Recent evidence suggests that the developmental change in the responsiveness of muscle protein synthesis to insulin may be due to a developmental decline in the capacity of skeletal muscle to sense or transduce the feeding-induced stimulus. For example, the developmental decline in the feeding-induced stimulation of protein synthesis can be reproduced by the infusion of insulin or amino acids in 7-and 26-day-old pigs (8, 9, 37) , suggesting that an altered responsiveness to insulin or amino acids is a primary determinant of the developmental decline in the stimulation of protein synthesis by feeding. Furthermore, the developmental decline in the postprandial stimulation of protein synthesis is paralleled by comparable changes in the activation of early steps in the insulin signaling pathway (36) .
In further support of a regulatory role for both insulin and/or amino acids in the developmental change in the feeding-induced stimulation of protein synthesis, both stimuli promote eIF4F assembly and activate the ribosomal protein S6K1 (see review in Ref. 25) . Importantly, inhibition of the protein kinase termed mammalian target of rapamycin (mTOR; also known as RAFT or FRAP) strongly attenuates the feeding-induced assembly of both eIF4F and S6K1 activation in neonatal pigs (26) . mTOR is downstream of phosphatidylinositol 3-kinase (PI 3-kinase) and protein kinase B (PKB) in the insulin signal transduction pathway (see review in Ref. 16 ). It is activated by insulin (34) and is absolutely required for amino acid signaling to 4E-BP1 and S6K1 (28) . Thus the PI 3-kinase/mTOR signal transduction pathway represents an important control point in the feeding-induced stimulation of protein synthesis.
In the present study, we examined the content and/or activity of a number of components of the signal transduction pathway that lie between the insulin receptor and 4E-BP1 and S6K1, to ascertain their roles in the decreased responsiveness of muscle protein synthesis to feeding in 26-compared with 7-day-old neonatal pigs. We found that muscle PI 3-kinase content is stimulated by feeding to the same extent, regardless of age. In contrast, PKB activity exhibited an age-related decline that is due, in part, to a reduction in PKB content. Furthermore, mTOR content in muscle from 26-day-old pigs was only 20% of the value observed in 7-day-old animals. Overall, the results suggest that the developmental decline in the responsiveness of muscle protein synthesis to feeding may be a result of a reduction in the capacity of intracellular signaling pathways to transduce to the translational apparatus the stimulus provided by feeding.
MATERIALS AND METHODS

Materials.
The kit for measuring PKB activity and the anti-insulin receptor substrate (IRS)-1 antibody were purchased from Upstate Biotechnology. Both the anti-S6K1 and anti-phospho-Thr 389 S6K1 antibodies were purchased from Santa Cruz Biotechnology. The anti-PKB, anti-phosphoSer 473 PKB, and anti-phospho-Thr 70 4E-BP1 antibodies were obtained from Cell Signaling Technology. Protein A-Sepharose and protein G-Sepharose were obtained from Pharmacia, and the anti-mTOR antibody and protein G-Agarose were from Calbiochem.
Animals. The neonatal pig was used as an animal model because of its similarity to the human infant in anatomy, developmental physiology, and metabolism (6) . Pigs were studied at 7 days of age to avoid the complications of endocytosis of ingested protein in the newborn. Pigs were studied at 26 days of age for comparison to a more advanced stage of development but before diet composition changes. At either 7 or 26 days of age, pigs within a litter were randomly assigned to one of two treatment groups and were either 1) fasted for 18 h or 2) fed for 1.5 h after an 18-h fast. Pigs were provided water throughout the fasting period. Pigs that were fed after the 18-h fast were given two gavage feeds of 30 ml/kg body wt of porcine mature milk (University of Nebraska, Lincoln, NE) at 60-min intervals. Pigs were killed, and samples of longissimus dorsi muscle were removed, rinsed in ice-cold saline, and rapidly frozen. The protocol was approved by the Animal Care and Use Committee of Baylor College of Medicine and was conducted in accordance with the National Research Council's Guide for the Care and Use of Laboratory Animals.
Protein immunoblot analysis. Blots were developed using an Amersham enhanced chemiluminescence (ECL) Western Blotting Kit, exactly as described previously (27) . Films were scanned using a Microtek ScanMaker V scanner connected to a Macintosh PowerMac 9600 computer. Images were obtained using the ScanWizard Plugin (Microtek) for Adobe Photoshop and quantitated using National Institutes of Health Image software. Results are expressed as arbitrary units, which represent the integrated pixel intensity of the band being analyzed.
Measurement of mTOR and PKB content. Muscle samples were homogenized in seven volumes of buffer A [consisting of 20 mM N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid (HEPES, pH 7.4), 100 mM KCl, 0.2 mM EDTA, 2 mM ethylene glycol-bis(␤-aminoethyl ether)-N,N,NЈ,NЈ-tetraacetic acid (EGTA), 1 mM dithiothreitol, 50 mM sodium fluoride, 50 mM ␤-glycerophosphate, 0.1 mM phenylmethylsulfonyl fluoride, 1 mM benzamidine, and 0.5 mM sodium vanadate] and then centrifuged at 10,000 g for 10 min at 4°C. Samples were mixed with an equal volume of SDS-sample buffer and heated at 100°C for 3 min; mTOR and PKB content was measured by protein immunoblot analysis, as described in Protein immunoblot analysis.
Determination of PKB phosphorylation on Ser 473 , S6K1 phosphorylation on Thr 389 , and 4E-BP1 phosphorylation on Thr 70 . Samples were prepared as described in the previous paragraph, and the phosphorylation of PKB on Ser 473 , S6K1 on Thr 389 , and 4E-BP1 on Thr 70 was determined by protein immunoblot analysis with antibodies that recognize the proteins only when they are phosphorylated on those residues.
Measurement of PI 3-kinase activity. PI 3-kinase activity was measured in IRS-1 immunoprecipitates from muscle homogenates, as described previously (23) . Briefly, homogenate containing 1 mg of protein was immunoprecipitated using an anti-IRS-1 polyclonal antibody (5 g); the immunoprecipitates were collected using protein A-Sepharose beads. The beads were thoroughly washed and incubated with a lipid mixture and [␥-
32 P]ATP. The reaction was stopped by the addition of 1 N HCl, and phospholipid products were resolved by thin-layer chromatography. Radioactivity incorporated into lipids phosphorylated at the 3-position was quantitated using a Bio-Rad phosphoimager.
Measurement of PKB activity. PKB activity was measured using a kit from Upstate Biotechnology (no. 17-188). Briefly, anti-Akt/PKB-␣ antibody (4 g) was incubated overnight with protein G-agarose, and on the next morning the antibody ⅐ protein G complex was washed to remove unbound antibody. Muscle samples were homogenized in seven volumes of buffer B [consisting of 50 mM Tris ⅐ HCl (pH 7.5), 1 mM EDTA, 1 mM EGTA, 0.5 mM Na3VO4, 0.1% 2-mercaptoethanol, 1% Triton X-100, 50 mM NaF, 5 mM sodium pyrophosphate, 10 mM ␤-glycerophosphate, 0.1 mM phenylmethylsulfonyl fluoride, 1 M microcystin, and 1 g/ml each of aprotinin, pepstatin, and leupeptin] and then centrifuged at 10,000 g for 10 min at 4°C. Protein content was measured using a kit (Bio-Rad Detergent Compatible Assay), and muscle supernatant containing 1 mg of protein was incubated with the washed antibody ⅐ protein G complex for 90 min at 4°C. The immunoprecipitate was washed and then incubated with [␥-32 P]ATP and the peptide substrate RPRAAATF for 10 min at 30°C. The reaction mixture was centrifuged, and an aliquot (40 l) of supernatant was added to a tube containing 20 l of 40% trichloroacetic acid. The acidified sample was adsorbed onto phosphocellulose filter disks, and the disks were sequentially washed with 0.75% phosphoric acid and acetone and then dried. 32 P incorporation into peptide bound to the filter disks was quantitated by liquid scintillation spectrometry.
Measurement of S6K1 activity. The method used to measure S6K1 activity was similar to that described above for PKB, except that an anti-S6K1 antibody was used for immunoprecipitation, and the substrate peptide was RRRLSSLRA (23) .
Statistical analysis. Data were analyzed using Prism for Macintosh, version 3 (Graphpad Software), and are presented as means Ϯ SE. Analysis was initially performed by two-way ANOVA, with animal age and feeding status as independent variables, and was followed by unpaired t-tests if a significant effect of either age or feeding was detected by ANOVA. The level of significance was set at P Ͻ 0.05 for all statistical tests.
RESULTS
In the present study, we investigated the hypothesis that the basis for the decreased responsiveness of muscle protein synthesis to feeding in 26-compared with 7-day-old animals is a reduction in activity and/or content of one or more of the components of the insulin signal transduction pathway. After an 18-h fast, PI 3-kinase activity was not significantly different in muscle from 26-compared with 7-day-old pigs ( Fig. 1) . Likewise, in muscle from fed animals, PI 3-kinase activity was the same in both 26-and 7-day-old animals, suggesting that neither PI 3-kinase nor components of the signal transduction pathway upstream of it are limiting in 26-day-old pigs. Thus the reduced responsiveness observed in 26-day-old animals is not caused by a limitation in PI 3-kinase activity.
To examine signaling downstream of PI 3-kinase activity, the activity of PKB was measured. As shown in Fig. 2 , PKB activity was significantly less in muscle from 26-than from 7-day-old pigs, regardless of nutritional status. Moreover, although the magnitude of the stimulation of PKB activity was dramatically reduced in muscle from 26-compared with 7-day-old animals, proportionally, the feeding-induced increase in activity was greater than fivefold in animals of both ages, suggesting that the increase is independent of age.
One possible explanation for the reduction in PKB activity that was observed between 7 and 26 days of age is that the content of the kinase declines during this period. To assess this possibility, muscle PKB content was measured by Western blot analysis. As shown in Fig. 3 , the amount of PKB in muscle of 26-day-old neonatal pigs was significantly reduced compared with that of 7-day-old animals. In contrast, there was no decrease in PKB content in fasted compared with fed animals. Although the age-related decline in PKB content may account for part of the decrease in PKB activity, it is of insufficient magnitude to account entirely for the observed change. An alternative explanation for the reduction in PKB activity is that differential phosphorylation of PKB occurs at the different ages. The activity of PKB is modulated by phosphorylation at two key amino acid residues, Thr 308 and Ser 473 (1) . In the present study, the phosphorylation state of Ser 473 was examined by Western blot analysis by use of an anti-phosphopeptide antibody that recognizes PKB only when it is phosphorylated at Ser 473 . The signal obtained with the anti-phosphopeptide antibody was normalized for total PKB content. As shown in Fig. 4 , basal PKB phosphorylation (i.e., phosphorylation in fasted animals) was similar in 26-and 7-day-old pigs. Moreover, PKB phosphorylation was stimulated to a similar extent by feeding in animals of both ages. Interestingly, changes in PKB activity (Fig.  2 ) did not correlate with changes in phosphorylation of Ser 473 . The basis for this discrepancy is unknown but may be explained by alterations in phosphorylation at Thr 308 . Unfortunately, our attempts to measure phosphorylation of Thr 308 have been unsuccessful, possibly due to failure of the anti-mouse PKB antibody to recognize the pig protein.
In both cells in culture and animals in vivo, signaling from insulin and amino acids to protein synthesis is prevented by inhibitors of mTOR (see review in Ref. 25) , suggesting that this protein kinase plays a key role in the response. To establish whether or not mTOR expression exhibits developmental alterations, muscle mTOR content was measured by Western blot analysis. As shown in Fig. 5 , mTOR content was significantly reduced in muscle from 26-compared with 7-day-old pigs. No change in mTOR content was observed in response to feeding in animals of either age.
Our previous studies have shown that hyperphosphorylation of S6K1 in response to feeding, as assessed by decreased mobility during SDS-polyacrylamide gel electrophoresis, is reduced in 26-compared with 7-dayold pigs (13) and that this phosphorylation is prevented by pretreatment of the animals with rapamycin (26) . In the present study, we extend the earlier observations to examine the phosphorylation of S6K1 on a specific amino acid residue, i.e., Thr 389 . In in vitro studies, phosphorylation of Thr 389 , in conjunction with phosphorylation of Thr
229
, results in maximal activation of S6K1 activity (18) . We found that the phosphorylation of S6K1 on Thr 389 was dramatically increased by feeding in 7-but not in 26-day-old pigs ( Fig. 6 ). To determine whether phosphorylation of Thr 389 in muscle of fed pigs results in activation of the kinase, S6K1 activity was measured in muscle extracts of fed and fasted pigs. As shown in Fig. 7 , S6K1 activity was increased in skeletal muscle in response to feeding. In agreement with the observed changes in Thr 389 phosphorylation, S6K1 was activated to a lesser extent in muscle of 26-compared with 7-day-old pigs. Fig. 3 . PKB content in skeletal muscle of food-deprived or fed pigs at 7 and 26 days of age. PKB content was measured by Western blot analysis, as described in MATERIALS AND METHODS. Results from a representative blot are shown as an inset. Each lane on the blot represents an individual animal. Moreover, samples from each condition were analyzed on every blot to minimize blot-to-blot variations in the results. Animals were either fasted for 18 h (open bars) or fasted for 18 h and then fed (solid bars), as described in the legend to Fig. 1 . Results represent means Ϯ SE of 12-19 animals per condition. Effect of age on PKB content was significant (P ϭ 0.0001) as assessed by two-way ANOVA. *P ϭ 0.018 vs. fasted 7-day-old pigs, and P ϭ 0.041 vs. fed 7-day-old pigs; †P ϭ 0.0003 vs. fasted 7-day-old pigs, and P ϭ 0.0008 vs. fed 7-day-old pigs. Fig. 2 . Protein kinase B (PKB) activity in skeletal muscle of fooddeprived or fed pigs at 7 and 26 days of age. PKB activity was measured in extracts of skeletal muscle as described in MATERIALS AND METHODS. Animals were either fasted for 18 h (open bars) or fasted for 18 h and then fed (solid bars), as described in the legend to Fig. 1 . Results are presented as pmol of 32 Pi incorporated per mg muscle protein assayed and represent means Ϯ SE of 7-9 animals per condition. Effects of both age and feeding on PKB activity were significant (P ϭ 0.016 and P ϭ 0.005, respectively) as assessed by two-way ANOVA. *P ϭ 0.015 vs. fasted 7-day-old pigs; ‡P ϭ 0.0002 vs. fasted 7-day-old pigs, and P ϭ 0.013 vs. fed 7-day-old pigs; †P ϭ 0.028 vs. fasted 7-day-old pigs, P ϭ 0.0076 vs. fasted 26-day-old pigs.
Our previous studies showed that feeding increased the amount of 4E-BP1 in the most highly phosphorylated form from 0 to 60% at 7 days of age, but from 0 to only 10% at 26 days of age. In the current study, we determined whether the previously observed phosphorylation patterns corresponded to changes in the phosphorylation of 4E-BP1 at Thr 70 , a site that has been shown to be important in regulating its association with eIF4E when phosphorylated. We found that feeding increased 4E-BP1 phosphorylation at Thr 70 in 7-day-old pigs but not in 26-day-old pigs ( Fig. 8) .
DISCUSSION
During the period before weaning, skeletal muscle protein synthesis in fasted pigs exhibits a rapid decline from 15.6 to 4.0%/day between 7 and 26 days of age, respectively (7) . Furthermore, the stimulation of protein synthesis that occurs in response to feeding is blunted in muscle from 26-compared with 7-day-old neonatal pigs. In a previous study, we showed that the feeding-induced stimulation of muscle protein synthesis in pigs of both ages is associated with enhanced phosphorylation of 4E-BP1, leading to increased assembly of the active eIF4F complex, as well as hyperphosphorylation of S6K1 (13) . However, the feedinginduced phosphorylation of both proteins is reduced in muscle from the older animals. We also found that phosphorylation of 4E-BP1 and S6K1 is prevented by administration of the mTOR inhibitor rapamycin before feeding (26) , suggesting that mTOR activity is essential for phosphorylation of these proteins. Similarly, in rat skeletal muscle, oral administration of leucine to fasted animals promotes phosphorylation of both 4E-BP1 and S6K1 (3), and rapamycin blocks the effects (4). The results of these studies, in combination with results obtained using cells in culture, have led to the hypothesis that both insulin and amino acids cause 4E-BP1 and S6K1 phosphorylation by activation of mTOR.
Mechanisms governing mTOR activation are incompletely defined. However, it seems clear that phosphorylation is one important method for modulating mTOR activity. For example, phosphorylation of mTOR by the protein-tyrosine kinase c-Abl inhibits mTOR kinase activity toward a peptide substrate based on the amino acid sequence surrounding Thr 389 in S6K1 (29) . In addition, overexpression of c-Abl results in inhibition of cap-dependent translation comparable in magnitude to that caused by rapamycin. In contrast to the inhibition of mTOR activity associated with phosphorylation by c-Abl, phosphorylation by PKB is thought to stimulate mTOR activity (34) . In particular, recent studies have shown that PKB directly phosphorylates mTOR on Thr 2446 and Ser
2448
; however, of these two sites, only Ser 2448 is phosphorylated in vivo (31, 35) . A curious finding in the study of Sekulic et al. (35) is that, although insulin enhances phosphorylation of Ser 2448 in mTOR, phosphorylation of the site is dispensable for insulin-stimulated phosphorylation of 4E-BP1 and ac- Effect of age on mTOR content was significant (P Ͻ 0.0001) as assessed by 2-way ANOVA. *P ϭ 0.003 vs. fasted 7-day-old pigs, and P ϭ 0.0003 vs. fed 7-day-old pigs; †P ϭ 0.003 vs. fasted 7-day-old pigs, and P ϭ 0.0002 vs. fed 7-day-old pigs.
tivation of S6K1, suggesting that additional, possibly overlapping, mechanisms exist for regulating mTOR activity. This suggestion is supported by the observation that, although amino acid-stimulated phosphorylation of 4E-BP1 and S6K1 is inhibited by rapamycin, amino acids do not activate PI 3-kinase or PKB (22, 32, 33) . Thus amino acids and insulin may share a PKBindependent signaling pathway that activates mTOR. A second, but thus far unexplored, possibility is that amino acids do not activate mTOR but instead regulate an unidentified kinase. In such a model, mTOR activity would limit protein phosphatase activity, as has been shown to occur in yeast (17, 24) . Inhibition of mTOR would disinhibit the phosphatase, resulting in dephosphorylation of 4E-BP1 and S6K1. In the present study, the finding that mTOR content is dramatically lower in muscle from 26-compared with 7-day-old neonatal pigs would imply that phosphorylation of its two downstream targets, 4E-BP1 and S6K1, might likewise be reduced in older animals. In vitro, mTOR phosphorylates S6K1 on Thr 389 (5), a residue whose phosphorylation is necessary for maximal S6K1 activity. In the studies presented herein, S6K1 phosphorylation on Thr 389 was almost undetectable in fasted animals of either age, suggesting that mTOR activity is minimal under these conditions. In contrast, both Thr 389 phosphorylation and S6K1 activity were increased after feeding, and the increase was lesser in magnitude in 26-than in 7-day-old pigs. In 32 Pi incorporated per mg muscle protein assayed per min, and they represent means Ϯ SE of 8-10 animals per condition. Effects of both age and feeding on S6K1 activity were significant (P ϭ 0.031 and P Ͻ 0.0001, respectively) as assessed by 2-way ANOVA. *P Ͻ 0.0001 vs. fasted 7-day-old pigs; ‡P ϭ 0.0003 vs. fed 7-day-old pigs; †P Ͻ 0.0001 vs. fasted 7-day-old pigs, P ϭ 0.0356 vs. fed 7-day-old pigs, and P Ͻ 0.0001 vs. fasted 26-day-old pigs. Results are means Ϯ SE of 7-10 animals per condition. Effects of both age and feeding on Thr 70 phosphorylation were significant (P ϭ 0.0054 and P ϭ 0016, respectively) as assessed by 2-way ANOVA. *P ϭ 0.002 vs. fasted 7-day-old pigs, P Ͻ 0.0001 vs. fasted 26-day-old pigs, and P ϭ 0.0034 vs. fed 26-day-old pigs.
addition, 4E-BP1 phosphorylation at Thr 70 was increased by feeding in 7-day-old pigs but not in 26-dayold pigs. Thus the reduced abundance of mTOR in 26-day-old animals might hinder transduction of upstream signals to 4E-BP1 and S6K1, leading to diminished responsiveness of translation initiation during development. The basis for the decrease in mTOR content and S6K1 phosphorylation on Thr 389 between day 7 and day 26 being greater in magnitude than the changes in S6K1 activity is unknown. However, S6K1 activity is regulated by phosphorylation not only on Thr 389 but also on a number of other residues that were not examined in the present study (19) .
Another factor that probably contributes to the developmental decline in responsiveness is the blunted stimulation of PKB that occurs after feeding 26-day-old pigs. Reduced PKB content contributes to the decreased activity but cannot account entirely for the effect. Instead, decreased activation of the kinase may play an important role. Activation of PKB occurs through multi-site phosphorylation, where phosphorylation of Thr 308 and Ser 473 is particularly important (see review in Ref. 18 ). Thr 308 is phosphorylated by a kinase termed phosphatidylinositol-dependent protein kinase-1 (PDK-1), which is thought to be constitutively active, and phosphorylation of PKB by PDK-1 occurs only when both proteins become localized to the plasma membrane. Co-localization is mediated by association of the pleckstrin homology domain present in each protein with phosphatidylinositol-(3,4)-bis-phosphate or phosphatidylinositol-(3,4,5)-trisphosphate, which is generated by phosphorylation by PI 3-kinase of phosphoinositides resident in the plasma membrane. The finding that PI 3-kinase basal activity, as well as its activation by feeding, is unaffected during development suggests that synthesis of 3-phosphoinositides, and thus co-localization of PDK-1 and PKB, are unimpaired during the preweaning period. If this theory is true, then phosphorylation of Thr 308 would be stimulated to the same extent by feeding either 7-or 26-dayold pigs. In combination with the observation that Ser 473 phosphorylation is unaffected by development, an argument can be made that the reduction in PKB activation found in 26-day-old pigs must occur through a mechanism distinct from phosphorylation at these two sites.
The finding that the activation of PI 3-kinase by feeding was similar in animals of both ages is surprising. Recently we showed that the postprandial stimulation of skeletal muscle protein synthesis in neonatal pigs is associated with enhanced phosphorylation of the insulin receptor and IRS-1 and -2 (36) . These changes in the activation of early steps in the insulin signaling pathway were reduced in 26-compared with 7-day-old pigs. On the basis of these results, it would be expected that the signaling components downstream of the insulin receptor, IRS-1, and IRS-2 are activated by feeding, and that these responses decrease as the animal develops. Thus the next step in the signaling pathway, the binding of IRS-1 and -2 to the p85 subunit of PI 3-kinase, was increased by feeding in our previous study, and the response decreased with development (36) . Although the binding of IRS-1 or IRS-2 to the p85 subunit of PI 3-kinase is thought to stimulate PI 3-kinase activity (2), we did not find a developmental decline in PI 3-kinase activation in IRS-1 immunoprecipitates. Nonetheless, the signaling components downstream of PI 3-kinase show a developmental pattern of activation by feeding that is similar to the association of PI 3-kinase with IRS-1 and IRS-2 and to the phosphorylation of IRS-1, IRS-2, and the insulin receptor.
Overall, the results of the present study suggest that the developmental decline in the stimulation of muscle protein synthesis by feeding during the preweaning period is due to a reduction in the capacity to transduce the signal emanating from the plasma membrane to the kinases that are proximal to and that regulate the components of the protein synthetic apparatus. In addition to a decrease in PKB and mTOR content, an as-yet-unidentified mechanism attenuates PKB activation in 26-day-old pigs. Finally, it is shown that previously reported changes in 4E-BP1 and S6K1 hyperphosphorylation are associated with modulation of Thr 70 and Thr 389 phosphorylation, respectively, as well as alterations in S6 kinase activity.
